diamond (UNCD) film, containing ultra-small diamond grains of 510 nm with smooth surface characteristics, which exhibits higher electrical conductivity and better FEE properties than other form of diamond films. 9, 10 The sp 2 -bonded carbon in the grain boundaries of UNCD films is conceived as the electron conduction channel in FEE. [11] [12] [13] [14] Though, the non-diamond carbons contained in the grain boundaries of UNCD films are not conductive enough, restricting the FEE characteristics achievable for diamond films. Thus, the diamond films of high sp 3 -bonded carbon content with grain boundaries phase of better conductivity are desperately needed for the development of better FEE materials.
In this letter, multienergy Au ions were implanted on heterogranular structured diamond (HGD) films grown on Au-coated Si substrates for improving their electrical conductivity and the FEE characteristics. The detailed microstructures of the multienergy Au-ion implanted HGD films were investigated using transmission electron microscopy and the role of Au in enhancing the FEE characteristics of these HGD films was discussed.
100 nm Au deposited Si (Au(Si)) substrates were used to grow diamond films. Prior to Au deposition, a thin layer of Cr (nm) was deposited on Si to achieve strong adhesion of Au on Si. The process of Au and Cr deposition on Si and the pre-seeding process for the growth of diamond on these Au(Si) substrates are described in detail elsewhere. 15, 16 UNCD films were first deposited using microwave plasma enhanced chemical vapor deposition (MPECVD) system in Ar(99%)/CH 4 (1%) plasma under 1200 W and 120 Torr for 90 min. The plane view scanning electron microscopy (SEM; Jeol 6500) image shown in Fig. S1 of the supporting information depicts that the UNCD films have a very smooth surface. The high resolution transmission electron microscopy (HRTEM; Jeol 2100F) investigation (Fig. S2, supporting information) indicated that these films contain spherical ultra-small diamond grains (5 nm) with grain boundaries of considerable thickness (0.2 nm). Subsequently, a secondary MPECVD process using a Ar(49%)/H 2 (50%)/CH 4 (1%) gas with 55 Torr chamber pressure and 1500 W microwave power was performed for 120 min. 17 These films were designated as HGD/Au(Si) films. The surface morphology of the HGD/Au(Si) films appears faceted morphology with large diamond grains of micron size (inset "I" of Fig. 1(a) ).
Au ions are then implanted in HGD/Au(Si) films at various energies from 400 keV to 3850 keV corresponding to ion ranges from 98 nm to 700 nm with different fluences, which is shown in Fig. 1(a) , totaling to a fluence of 1 x 10 16 ions/cm 2 and the obtained films were designated as Au-HGD/Au(Si) films. The multienergy Au-ion implantation process rendered the surface morphology of Au-HGD/Au(Si) films to equi-axed nanosized diamond grains of size around 2030 nm (inset "II" of Fig. 1(a) ) that is contrary to the case when the UNCD films were implanted by single energy 500 keV Au-ions with fluence of 1 x 10 17 ions/cm 2 (single Au-UNCD) that resulted a featureless surface morphology for the UNCD films. 18 The energy dispersive X-ray spectroscopy (EDX) spectrum (Fig. S3, supporting information) corresponding to the SEM image of Au-HGD/Au(Si) films (inset "II" of Fig. 1(a) ) clearly shows the Si and Au peaks indicating the existence of Si and Au species in Au-HGD/Au(Si) films. To facilitate the comparison, the HGD films were also grown directly on Si, followed by multienergy Au-ion implantation process and thus obtained films were designated as Au-HGD/Si.
The secondary ion mass spectroscopy (SIMS; Cameca IMS-4f) depth profile shown in Fig.   1 (b) suggests that Au ions are distributed uniformly throughout the thickness of the implanted region (region "I" of Fig. 1(b) ) of Au-HGD/Au(Si) films. This is contrary to the SIMS results of single Au-UNCD films, in which the Au ions are non-uniformly distributed to a depth of about 320 nm with peak concentration located at around 160 nm beneath the surface. 18 Region "II" of counts drop rapidly away from the interface to the surface of diamond films. In addition, the Cr ions were also observed near to the interface of diamond and Si (region "II" of Fig. 1(b) ), implying that the presence of Cr has evidently enhanced the adhesion of Au-layer. 
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There also exists a peak at around 1169 cm -1 , which is attributed to the  1 mode of trans-polyacetylene present in the grain boundaries. 22 The existence of diamond peak at 1336 cm -1 is related to the formation of large diamond grains due to coalescence process that resulted in faceted micron-sized diamond grains in HGD/Au(Si) films (cf. inset "I" of Fig. 1(a) ). It is to be noted that in UNCD films (primary layered diamond films), all the Raman peaks are very broad (Fig. S4 , supporting information) that is ascribed to the ultra-nano sized diamond grains in UNCD films. Spectrum II of Fig More detailed investigation on the microstructure/bonding structure of these films will be discussed later using electron energy loss spectroscopy (EELS; Gatan Enfina) in a transmission electron microscopy (TEM).
Hall measurements carried out in a van der Pauw configuration revealed that multienergy Table I ). Apparently, the multienergy Au-ion implantation process is the main factor, which converts the HGD films into highly conducting diamond films. The presence of Au-interlayer less markedly altered the Hall conductivity of the HGD films, as this Hall technique measures the conductivity along the surface rather than crossing the interface.
The FEE behaviors of these highly conducting Au-HGD/Au(Si) films are shown in Fig. 2 , which reveal the fascinating FEE properties of these films. The details of the FEE experiments are given elsewhere 15 and the FEE properties of these films were analyzed using Fowler Nordheim (FN) theory. 29 The plots of ln(J/E 2 )-1/E (curve I, Fig. 2(b) ) show that the E 0 value of 1.60 V/m was attained for Au-HGD/Au(Si), which is lower than those of the E 0 values of HGD/Au(Si) ((E 0 ) HGD/Au(Si) = 4.23 V/m; curve II, Fig. 2(b) ) and Au-HGD/Si films ((E 0 ) Au-HGD/Si = 4.47 V/m; curve III, Fig. 2(b) ). To reach a large J-value of 3.0 mA/cm 2 , it needs an applied field of E=2.48 V/m for Au-HGD/Au(Si) films (curve I, Fig. 2(a) ), which is smaller than those for HGD/Au(Si) ((E) HGD/Au(Si) =7.50 V/m; curve II, Fig. 2(b) ) and Au-HGD/Si films ((E) Au-HGD/Si =6.56 V/m; curve III, Fig. 2(b) ). The effective work functions of these diamond films calculated from the slope of the FN plots ( Fig. 2(b) Table I. 18,2328 TEM examination has been carried out to elucidate the source of enhancement on the electrical conductivity and FEE behavior of Au-HGD/Au(Si) films. Fig. 3(a) shows the typical bright field (BF) TEM micrograph for the Au-HGD/Au(Si) films. The corresponding selective area diffraction (SAED) pattern (inset, Fig. 3(a) ) contains sharp diffraction rings corresponding to the (111), (220) and (311) diamond lattices, which confirm that the nanosized clusters are of diamond structure. A diffused ring appears in the center of the SAED pattern, indicating the existence of the sp 2 -bonded carbon (graphitic or a-C phase). Dark-field images were taken from different parts of SAED, i.e., from the diffraction spots corresponding to diamond and graphite separately and the images were then superimposed to clearly illustrate the distribution of these phase constituents. Figure 3(b) clearly shows that the graphitic phases (green color) were uniformly distributed among the diamond grains (pink, blue, and yellow colors) in Au-HGD/Au(Si) films.
More detailed microstructure of Au-HGD/Au(Si) films was exemplified by HRTEM studies. Fig. 3(c) shows the structure image corresponding to region "A" in the BF-TEM image of Fig.   3 Sometime, the whole nano-sized diamond grains were converted into nanographite clusters, which is illustrated as curved fringes in region "5" of Fig. 3(d) , which is the structure image corresponding to region "B" of the BF-TEM image (Fig. 3(a) ). The corresponding FT 5 -image shows a central diffuse ring of donut geometry, clearly indicates that the curved fringes in region "5" are nanographite clusters about 5 nm in size, which is the same size of a diamond grains in small-grain regions of HGD films. Fig. 3(f) shows the selective area plasmon-loss EELS spectrum of the same region as that for core-loss EELS spectrum of Au-HGD/Au(Si) films. The detailed deconvolution of this spectrum indicated that the Au-HGD/Au(Si) films are dominated by S 2 (~23 eV) and S 4 (~33 eV) bands along with the S 3 -band (~27 eV), 31 representing that the region comprises of some graphitic phases with no 22 eV peak corresponding to a-C phase besides the diamond phases. On the basis of TEM and EELS investigations for the Au-HGD/Au(Si) films, it is noticed that multienergy Au-ion implantation process induces primarily the formation of nanographitic phases.
To be as a very good electron field emitter, the critical point is the supply of adequate electrons from the substrates (the Si) to the emitting sites (the diamond), besides the low work function of the emitting surface. Both the electrical conductivity of the diamond and the resistance of diamond-to-Si interface need to be optimized for improving the effectiveness for the supply of electrons. These two critical requirements are concurrently satisfied by the incorporation of Au species in the diamond films that were either precoated on Si substrates prior to the growth of diamond films or were implanted into the diamond films. This is illustrated in region II of SIMS (cf. Fig. 1(b) ) that there is a formation of Au(Si) eutectic layer in the interface between diamond and Si due to the utilization of Au coating. Hence, the formation of Au(Si) eutectic layer eliminates the origin of the a-C phase in the vicinity of interface, which lowers the resistivity of the interface layer. 15, 16 Seemingly, the SiC was formed due to the interaction of Si and C species, i.e., the Si species have diffused through the Au(Si) eutectic layer to react with the carbon promptly, forming SiC. The SiC can enhance the efficiency for the nucleation of diamond. 16 On the other hand, the region I of SIMS studies (cf. Fig. 1(b) ) revealed that the multienergy Au-ions implanted into the HGD films were uniformly distributed throughout the thickness of the films. The presence of Au in HGD films can catalytically induce the formation of the grain boundary phase and even converts the whole nano-sized diamond grains into nanographitic clusters that improve the electrical conductivity of the films. 33, 34 Restated, both the conductivity of diamond-to-Si interface and the bulk diamond films were enhanced due to the Au-coating and Au-ion implantation, respectively. Therefore, the electrons can be transferred effortlessly from Si substrate across the interfacial layer to the diamond region and can move through the conduction channels of the diamond grains to the emitting surface and are then emitted to vacuum easily as the diamond surfaces are NEA in nature. 7, 8 In summary, a feasible way of fabricating highly conducting Au-HGD/Au(Si) films with enhanced FEE properties due to multienergy Au-ion implantation process and the use of Au ( films.
